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A rapid and accurate method of quantifying positional isomeric mixtures of phosphorylated
hexose and N-acetylhexosamine monosacchrides by using gas-phase ion/molecule reactions
coupled with FT-ICR mass spectrometry is described. Trimethyl borate, the reagent gas, reacts
readily with the singly charged negative ions of phosphorylated monosaccharides to form two
stable product ions corresponding to the loss of one or two neutral molecules of methanol from
the original adduct. Product distribution in the ion/molecule reaction spectra differs signifi-
cantly for isomers phosphorylated in either the 1- or the 6-position. As a result, the percents
of total ion current of these product ions for a mixture of the two isomers vary with its
composition. In order to determine the percentage of each isomer in an unknown mixture, a
multicomponent quantification method is utilized in which the percents of total ion current of
the two product ions for each pure monosaccharide phosphate and the mixture are used in a
two-equation, two-unknown system. The applicability of this method is demonstrated by
successfully quantifying mock mixtures of four different isomeric pairs: Glucose-1-phosphate
and glucose-6-phosphate; mannose-1-phosphate and mannose-6-phosphate; galactose-1-phos-
phate and galactose-6-phosphate; N-acetylglucosamine-1-phosphate and N-acetylglu-
cosamine-6-phosphate. The effects of mixture concentrations and ion/molecule reaction
conditions on the quantification are also discussed. Our results demonstrate that this assay is
a fast, sensitive, and robust method to quantify isomeric mixtures of phosphorylated
monosaccharides. (J Am Soc Mass Spectrom 2003, 14, 916–924) © 2003 American Society for
Mass Spectrometry
Phosphorylated carbohydrates are key compo-nents in the biosynthesis of oligosaccharides [1],nucleotides and isoprenoids [2], and are involved
in several important biological processes such as glyco-
lysis [3] and signal transduction [4]. In particular, the
phosphate linkage position of carbohydrates is impor-
tant to regulate biological function. For example, the
conversion between the 6-phosphate and the 1-phos-
phate isomers of several monosaccharides, which is
regulated by the corresponding phosphate mutases,
plays an important role in the glycosylation of glycop-
roteins [5, 6]. Specifically, the deficiency of the enzyme
phosphomannomutase, which catalyzes the conversion
of mannose-6-phosphate to mannose-1-phosphate in
the early step of biosynthesis of lipid-linked oligosac-
charides, is responsible for a disease called CDG-1a [1],
in which glycoproteins with truncated N-linked carbo-
hydrates are formed.
Despite their importance, analysis of phosphorylated
carbohydrates by traditional methods has been prob-
lematic due to their structural variety and non-charac-
teristic UV absorbance. As a result, traditional enzyme
kinetic measurements of the phosphate mutases men-
tioned above require up to three coupling enzymes
[7–9]. Recently, Turecek et al. [10] reported an affinity
capture and elution/electrospray ionization mass spec-
trometry assay of phosphomannomutase and phospho-
mannose isomerase. In their method, the product iso-
mer was subjected to another enzymatic reaction that
altered its mass in order to be detected by mass spec-
trometry. Direct quantitative analysis of phosphory-
lated glucose has been reported using anion-exchange
chromatography combined with a differential refrac-
tometer [11] and pulsed amperometric detection [12].
Since these two techniques are rather time-consuming,
development of novel techniques to directly identify
and quantify different phosphorylated carbohydrate
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isomers would be advantageous in kinetic measure-
ments of the mutases mentioned above.
While the presence of phosphorylation is easily de-
termined by mass spectrometry, differentiation be-
tween isomers is significantly more challenging. Until
recently, very little information existed for determining
phosphorylation sites in carbohydrates because disso-
ciation of underivatized phosphorylated oligosaccha-
rides generates mainly phosphate cleavages [13]. Re-
cently, we developed a method to determine the
phosphate position of phosphorylated carbohydrates
by using ion/molecule reactions and FT-ICR mass
spectrometry [14, 15]. Gas-phase reactions between
phosphorylated hexose ions (HexXP, where X  1 or 6
indicating the linkage of the phosphate to the monosac-
charide) and trimethyl borate (TMB) or trimethyl
chloro-silane (TMSCl) result in distinguishable mass
spectra. Unambiguous differentiation between the
1-phosphate and the 6-phosphate isomers can be fur-
ther realized by their SORI-CID spectra.
In terms of differentiating isomers of important
biomolecules by mass spectrometry based techniques,
several methods have been reported as classified and
reviewed by Cooks and co-workers [16, 17] and others
[18–28]. For example, chiral recognition based on gas-
phase ion/molecule reactions has been investigated by
several research groups [18–25]. In work by Dearden et
al. [18, 23, 24] and Lebrilla et al. [19, 22, 25], a chiral host
was used to form diastereometric adducts with a chiral
ligand in the solution phase. The adduct ions were then
electrosprayed into the gas phase, and allowed to
exchange the chiral ligand through ion/molecule reac-
tion with a neutral gas. Chiral distinction was achieved
based on the variation of the exchange rate with the
chirality of the analyte incorporated into the adduct ion.
Quantification of the amount of each enantiomer was
accomplished through the utilization of a calibration
curve of the apparent exchange equilibrium constant
versus enantiomeric excess [24] or by generating a
calibration curve after a constant reaction time between
the abundance of the unexchanged reactant and the
mole fraction of one enantiomer [25]. In addition, ion/
molecule reactions have also been successively used in
the differentiation of diasteromeric species [26–28].
Kentta¨maa and co-workers used ion/molecule reaction
with (CH3O)2B
 to distinguish between the cis- and
trans-isomers of cyclic diols [26], and (CH3O)2P
 was
utilized to do the same between diasteromeric cyclic
vicinal diols [27] and cis- and trans-1,2-diaminocyclo-
hexanes [28].
Another mass spectrometric approach for isomeric
recognition is based on unique collision-induced disso-
ciation (CID) spectra of isomeric adducts formed from
an analyte and a chiral reference [16]. Our laboratory
has developed a multicomponent quantification meth-
odology combined with diagnostic ions in CID spectra
to determine the composition of mixtures of up to three
isomeric species [29–31]. Using diagnostic product ions
in MS2 and MS3 spectra, quantification of isomeric
mixtures of hexosamines [29], N-acetylhexosamines
[30], and sulfated disaccharides [31] has been achieved.
Compared with the other isomeric quantification meth-
ods mentioned above, the unique aspect of this protocol
is that neither kinetic constants nor calibration plots are
necessary. In addition, using systems of equations
based on diagnostic ions for each isomer to calculate
mixture composition is very accurate. In the study
presented herein, it is demonstrated that quantification
of isomeric mixtures of phosphorylated carbohydrates
can be achieved using this multicomponent quantifica-
tion method in combination with ion/molecule reac-
tions with trimethyl borate.
Experimental
Chemicals
The phosphorylated monosaccharides used in this
study were purchased from Sigma Chemical Company
(St. Louis, MO) and include the following diastereo-
meric pairs: Glucose-1-phosphate (Glc1P) and glucose-
6-phosphate (Glc6P); mannose-1-phosphate (Man1P)
and mannose-6-phosphate (Man6P); galactose-1-phos-
phate (Gal1P) and galactose-6-phosphate (Gal6P);
N-acetylglucosamine-1-phosphate (GlcNAc1P) and
N-acetylglucosamine-6-phosphate (GlcNAc6P). Trim-
ethyl borate (TMB, 99.9%) was purchased from Aldrich
Chemical Company (Milwaukee, WI). All solvents were
of HPLC grade.
Instrumentation
Experiments were performed on an APEX II FT-ICR MS
(Bruker Daltonics, Billerica, MA), equipped with a 7 T
actively shielded magnet. The normal operational pres-
sure is maintained at 5  1011 mbar. Ions were
generated using an Analytica API 100 electrospray
ionization (ESI) source in the negative mode. The
monosaccharide samples were sprayed from a 1:1 ace-
tonitrile/H2O solution at a concentration of 20 M
unless specified elsewhere. The ions were accumulated
for 2 s in an external hexapole ion guide before trans-
mission to the ICR cell for further analysis. The ion of
interest was isolated by correlated sweeps using corre-
lated harmonic excitation fields [32]. The mass range
scanned was m/z 100 to 600. Each spectrum is composed
of 16 transients with 256 k data points. The operating
software was XMASS version 5.010. For quantification
experiments, trimethyl borate was introduced into the
ICR cell region via a pulse valve for 45 ms with a pulse
valve reservoir pressure kept at 6.3 mbar. After a delay
of 2 s to allow the ICR cell region to return to near
baseline vacuum conditions, the ions were detected
under high-resolution conditions.
For determination of relative ion/molecule reaction
efficiency, trimethyl borate was introduced into the ICR
cell at a constant pressure of 2  109 mbar by using a
Varian leak valve. Reaction time was varied by adjust-
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ing the delay time between isolation and detection. The
experimental rate constant kexp was determined from
the decrease of reactant ion abundance over time; the
theoretical collision rate constant kcoll was calculated
based on the average dipole orientation (ADO) theory
by Su et al. [33]. The reaction efficiency was calculated
by dividing kexp by kcoll. Correction for the difference in
pressure between the ion gauge and the ICR cell was
accomplished by comparison of the measured efficiency
of the reaction between TMB and H2PO4
 to that re-
ported in the literature [34].
Quantification
The data reported for the reaction of the pure phosphor-
ylated monosaccharide standards with TMB were the
result of three replicate measurements. The 1:1 mixtures
of the two isomers were also analyzed in triplicate, and
each mock mixture was analyzed at least twice with the
average values reported. The percent of total ion cur-
rent for each ion of interest was determined by dividing
its current by the total ion current in the corresponding
ion/molecule reaction spectrum, and the m/z value was
reported as the most abundant isotopic ion. The calcu-
lated values were used in three different ways: (1) For
the pure standard, the averaged abundances are used as
constants in a system of eqs as described in the text
below; (2) for the 1:1 mixture, the averaged abundances
are used to determine the first normalization factor
“Norm 1” as described in the text; (3) for every other
mock mixture, the abundances are used to determine
the composition of the mixture.
Results and Discussion
Differentiation of Phosphorylated Isomers Through
the Use of Ion/Molecule Reactions
The structures of phosphorylated monosaccharides in-
vestigated in this study are shown in Figure 1, and their
corresponding ion/molecule reaction mass spectra are
shown in Figure 2. Three ions are present in each
spectrum: The reactant and two reaction products. For
example, in the spectra for the Glc1P/Glc6P pair as
shown in Figure 2a and b, the ion at m/z 259 corre-
sponds to the underivatized deprotonated ion [HexP 
H]. The ions at m/z 331 and 299 correspond to the
reaction products resulting from the addition of TMB to
the reactant ion followed by the loss of one methanol
([HexP/TMB  MeOH  H]) and two methanol
([HexP/TMB  2MeOH  H]), respectively. The
original adduct ion ([HexP/TMB  H]) is unstable in
the gas phase and is not observed in any spectrum in
our experiment. It is noticed that the product distribu-
tion in the ion/molecule reaction mass spectra is quite
different for the two isomers. For Glc1P, the ion at m/z
331 is the most abundant reaction product (Figure 2a),
whereas for Glc6P the opposite is observed (Figure 2b).
This type of behavior is observed with the Man1P/
Man6P (Figure 2c and d) and Gal1P/Gal6P (Figure 2e
and f) pairs, except that for Gal6P, the ratio of m/z 299 to
m/z 331 is nearly unity. The same trend is also demon-
strated for the GlcNAc1P/GlcNAc6P pair (Figure 2g
and h), wherein losing one MeOH molecule from the
adduct generates the most predominant ion at m/z 372
for the 1-phosphate isomer and losing two molecules
generates the most abundant product ion at m/z 340 for
Structure of the Monosaccharides Investigated
R1 R2 R3 R4
Glc OH H OH H
Man H OH OH H
Gal OH H H OH
GlcNAc CH3CONH H OH H
Figure 1. Structures of the phosphorylated monosacchrides
investigated.
Figure 2. FT-ICR spectra of ion/molecule reactions with TMB for
different phosphorylated monosacchrides. (a) Glc1P; (b) Glc6P; (c)
Man1P; (d) Man6P; (e) Gal1P; (f) Gal6P; (g) GlcNAc1P; (h)
GlcNAc6P. Pressure in the pulse reservoir was 6.3 mbar; pulsing
time was 45 ms.
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the 6-phosphate isomers. Therefore for each pair of
isomers, the product ion corresponding to the loss of
either one or two MeOH molecules from the original
adduct can be taken as the diagnostic ion for the 1- and
6-phosphorylated monosaccharide respectively. Fur-
ther experiments also indicate that when the same
amount of TMB was introduced in the cell for each
reaction by keeping a constant pulse reservoir pressure
and pulse time, the product distribution of resulting
ion/molecule reaction spectra is very reproducible. As
shown in Table 1, the standard deviations in percent of
total ion current of each diagnostic ion are less than 1%
for all isomers investigated.
The difference in the ion/molecule reaction product
distributions for the 1- and 6-phosphorylated isomers
may be explained from their corresponding reaction
mechanisms. Previously, dissociation mechanisms were
postulated for these species [35]. Regardless of the
phosphate position, the structure of the m/z 331 ion was
postulated to contain a 4-membered ring structure
between the boron and the phosphate atoms with
bridging oxygen atoms (Scheme 1, Structures 1 and 4).
Progression from m/z 331 to 299 occurs through the
elimination of MeOH from m/z 331. The first step of this
mechanism involves deprotonation of a hydroxyl group
adjacent to the P™B Complex (Scheme 1, Structures 2
and 5). Due to the extra degrees of freedom inherent in
the 6-position isomer, it is postulated that this step has
a lower energy barrier for the 6-linked hexose phos-
phate than for the 1-linked isomer. After elimination of
MeOH, monosaccharide ring opening occurs, forming
Complexes 3 and 6. This difference in the extent of
methanol elimination in ion/molecule reactions has
also been reported by Kentta¨maa and co-workers for
stereoisomeric diols with (CH3O)2B
 [26] and for cyclic
vicinal diols with (CH3O)2P
 [27].
Principles of Multicomponent Quantification
Using Ion/Molecule Reactions
Using the same condition, we further investigated the
ion/molecule reactions with TMB for isomeric mix-
tures. Several representative spectra for mixtures of
Glc1P and Glc6P are shown in Figure 3 with the
percentage of Glc6P indicated. As expected, the percent
of total ion current of the diagnostic ion for the 6-phos-
phate at m/z 299 increased as the percentage of this
isomer increased. In order to quantitatively determine
the composition of these isomeric mixtures based on
their corresponding ion/molecule reaction spectra, a
multicomponent quantification method [29–31] is uti-
lized. Instead of measuring the absolute reaction rate
constants, which may be affected by variations in in-
strument condition, a spectrum at a certain reaction
stage (a certain amount of TMB is introduced to the ICR
cell) is used to calculate the percent of total ion current
for each diagnostic ion. The composition of a binary
mixture can thus be determined using the following
system of eqs:
Table 1. Reproducibility of product distribution for phosphorylated monosaccharide standards
Samples
Percent of total ion current
1 2 3 average stdev
% m/z 259 13.89 13.97 13.92 13.93 0.04
Glc1P % m/z 299 7.67 7.99 7.78 7.82 0.16
% m/z 331 78.44 78.04 78.30 78.26 0.20
% m/z 259 25.64 26.72 26.41 26.26 0.56
Glc6P % m/z 299 60.56 59.91 60.28 60.25 0.33
% m/z 331 13.80 13.37 13.31 13.49 0.27
% m/z 259 8.32 7.68 7.88 7.96 0.33
Man1P % m/z 299 28.82 29.23 28.81 28.95 0.24
% m/z 331 62.86 63.09 63.31 63.09 0.22
% m/z 259 23.11 23.72 23.42 23.42 0.31
Man6P % m/z 299 55.31 54.93 55.12 55.12 0.19
% m/z 331 21.58 21.35 21.46 21.46 0.11
% m/z 259 10.99 10.72 10.81 10.84 0.14
Gal1P % m/z 299 9.82 9.58 9.72 9.71 0.12
% m/z 331 79.19 79.70 79.47 79.45 0.26
% m/z 259 31.03 30.8 30.89 30.91 0.12
Gal6P % m/z 299 29.80 29.83 29.81 29.81 0.02
% m/z 331 39.17 39.37 39.30 39.28 0.10
% m/z 300 24.2 24.91 24.93 24.68 0.42
GlcNAc1P % m/z 340 0.96 1.31 1.16 1.14 0.17
% m/z 372 74.84 73.78 73.91 74.18 0.58
% m/z 300 45.9 45.58 45.89 45.79 0.18
GlcNAc6P % m/z 340 44.37 44.75 44.50 44.54 0.19
% m/z 372 9.73 9.67 9.61 9.67 0.06
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a · I299, 6P  b · I299, 1P I299
a · I331, 6P  b · I331, 1P I331
In this system of eqs, the variables a and b represent the
percentage for the 6-P isomer and 1-P isomer, respec-
tively, in a given mixture. The constants I299,6P and
I299,1P are the percent of total ion current of the m/z 299
ions for a pure 6-P and 1-P standard, respectively.
Similarly, I331,6P and I331,1P are the corresponding values
of the m/z 331 ions for the pure standards. I299 and I331
are the corresponding values measured for a mixture of
the two isomers. Through this system of eqs, the raw
percentage of each isomer, a and b, can be calculated. In
order to determine the final composition of a mixture,
two additional normalizations are introduced. The first
normalization takes into account the bias effect of the
instrumental response towards each isomer, which may
come from a slight difference in ionization efficiency
between them. To correct for this bias effect, a 1:1
mixture is taken, and the calculated values of a and b for
this mixture are divided by its actual percentage to
obtain the normalization factors for each isomer: N16P
 a(1:1)/0.5; N11P  b(1:1)/0.5. The calculated a and b
for other mixtures are then divided by N16P and N11P to
obtain a and b, i.e., a  a/N16P and b  b/N11P. The
second normalization ensures that %1-P  %6-P 
100%, therefore the final percentages a and b can be
expressed as: a  a/(a  b); b  b/(a  b).
Quantification of Mock Isomeric Mixtures
Mock mixtures of varying isomeric composition were
used to evaluate the applicability of this method. Ion/
molecule reaction spectrum for each mixture was taken
under the same condition as for the pure isomers, and
the percent of total ion current of the diagnostic ions at
m/z 299 and 331 was measured and input in the above
eqs. Percentages of each isomer were calculated as
described above and tabulated as shown in Table 2.
Here, the influence of the bias effect can be observed.
The raw percentage, a and b under “Raw %” indicate
that the percentage of the 6-phosphate isomer is under-
estimated without further corrections. After the two
normalizations, the final percentages for a binary mix-
ture correlate quite well with the actual values, and the
deviation is less than 2%.
The same methodology can be applied to the other
three isomeric pairs Man1P/Man6P, Gal1P/Gal6P, and
GlcNAc1P/GlcNAc6P, where different ion/molecule
Scheme 1
Figure 3. FT-ICR spectra of ion/molecule reactions with TMB for
different Glc1P/Glc6P mixtures. The composition of the mixtures
was indicated for each spectrum. Instrumental conditions were
the same as in Figure 2.
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reaction product ions, m/z 299 and 331 or m/z 340 and
372, are utilized as diagnostic ions. Following the mea-
surement of these ion abundances, quantification can be
accomplished according to the above procedure. The
quantification results are shown in Table 3. For the
Man1P/Man6P pair and the GlcNAc1P/GlcNAc6P
pair, where the difference in percent of total ion current
of the two diagnostic ions for the two isomers is
apparent, the same accuracy was obtained with an
average deviation of less than 2%. However, for the
Gal1P/Gal6P pair, the error is larger. This is not sur-
prising since the difference in the percent of total ion
current of the two diagnostic ions (m/z at 331 and 299)
between Gal1P and Gal6P is much smaller than that
between the other three pairs. As a result, small errors
in the measured ion abundances greatly influence the
calculated percentage of each isomer.
Concentration Effects on Quantification
All of the above mock mixtures were made to the same
concentration of 20 M. However, in analysis of real
mixtures, the total concentration of an analyte is either
unknown or intentionally varied. For example, in en-
zyme kinetic measurements, the concentration of the
substrate is varied in a range wide enough to determine
the value of the Michaelis-Menten constant, Km. There-
fore it is important to test whether the assay described
above can also be applied to mixtures with different
total concentrations. In order to apply the multicompo-
nent quantification method to mixtures with different
concentrations, it is necessary to first demonstrate that
the product distribution for each sample is independent
of its concentration. Table 4 lists the percent of total ion
current of m/z 299 and 331 ions for a pure Man1P
Table 2. Quantification result for two component mixtures of Glc1P/Glc6P
Actual composition
of Glc6P: Glc1P
Ion contributions Raw % % after norm. 1 % after norm.2
Diff.
(calc.-actual)m/z 299 m/z 331 a b a b a b
5:95 9.24 74.86 3.0 95.1 3.9 78.5 4.7 95.3 0.3
10:90 10.82 72.25 6.1 91.3 7.9 75.3 9.5 90.5 0.5
25:75 16.73 64.21 17.5 79.0 22.7 65.2 25.8 74.2 0.8
45:55 25.72 55.91 31.5 60.9 40.7 50.3 44.8 55.2 0.2
55:45 30.13 45.74 38.3 51.8 49.6 42.8 53.7 46.3 1.3
75:25 40.30 32.84 62.9 31.1 81.4 25.7 76.0 24.0 1.0
90:10 49.25 20.75 80.1 12.7 103.7 10.5 90.8 9.2 0.8
95:5 52.75 16.12 86.8 5.6 112.4 4.6 96.0 4.0 1.0
Table 3. Quantification result for two component mixtures of Man1P/Man6P, Gal1P/Gal6P and GlcNAc1P/GlcNAc6P
Sample
Actual % of the
6-phosphate isomer
Raw % % After normalization
Diff.
(calc.-actual)a b a b
Man6P:Man1P 5 5.6 94.6 5.5 94.5 0.5
10 9.7 90.3 9.5 90.5 0.5
25 23.9 75.9 23.6 76.4 1.4
45 46.2 53.6 45.9 54.1 0.9
55 55.0 44.7 54.7 45.3 0.3
75 76.3 23.8 75.9 24.1 0.9
90 90.8 9.4 90.5 9.5 0.5
95 95.4 4.3 95.6 4.4 0.6
Gal6P:Gal1P 5 0.3 99.4 0.7 99.3 4.3
10 2.8 96.8 5.9 94.1 4.1
25 10.9 89.0 20.8 79.2 4.2
45 28.0 72.5 45.4 54.6 0.4
55 37.2 62.1 56.3 43.7 1.3
75 60.1 39.5 76.6 23.4 1.6
90 84.6 15.2 92.3 7.7 2.3
95 92.3 7.6 96.3 3.7 1.3
GlcNAc6P: GlcNAc1P 5 1.8 97.1 4.4 95.6 0.6
10 3.9 94.4 9.3 90.7 0.7
25 11.9 85.6 25.5 74.5 0.5
45 24.3 75.6 44.2 55.8 0.8
55 32.6 62.2 56.3 43.7 1.3
75 53.8 40.3 76.7 23.3 1.7
90 73.2 18.5 90.7 9.3 0.7
95 82.2 9.5 95.5 4.5 0.5
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standard and a 10:90 mixture of Man6P and Man1P
with the concentration varied from 1 to 50 M. The
results here show that if TMB is delivered in excess at a
constant pressure and pulse time, the abundance for
each diagnostic ion remains constant at different con-
centrations. Also tabulated in Table 4 are the calculated
percentages for different 10:90 mixtures. In this concen-
tration range, the calculated percentages of Man6P have
a standard deviation of less than 0.6% and an average
difference from the actual percentage of 0.2%. The
quantification method is thus demonstrated to be unaf-
fected by the concentration of the mixture under opti-
mized reaction conditions.
Effects of Ion/Molecule Reaction Conditions on
Quantification
Comparing the ion/molecule reaction spectra of the
phosphorylated isomers in Figure 2, it is also noticeable
that under identical reaction conditions, more reactant
ions of the 1-phosphate convert to product ions than
that of the 6-phosphate isomer. For example in Figure
2a and b, the percent of total ion current of the reactant
ion at m/z 259 is 14% for Glc1P compared with 26% for
Glc6P, indicating that the ion/molecule reaction effi-
ciency is different for the two isomers. To determine the
relative ion/molecule reaction efficiency, several ion/
molecule reaction spectra were taken at different reac-
tion times while a constant pressure of TMB was
introduced into the ICR cell. Kinetic plots were gener-
ated by plotting the natural logarithm of the percent of
total ion current of the reactant ion and the product ions
as a function of reaction time. Figure 4a and b are the
kinetic plots for Glc1P and Glc6P, respectively. The
reaction efficiency, kexp/kcoll, calculated as described in
the experimental section, is 0.54 and 0.36 for Glc1P and
Glc6P with TMB, respectively, which demonstrates that
the 1-phosphate isomer reacts with TMB faster than the
6-phosphate isomer. This trend of greater reaction effi-
ciency for the 1-isomer was also found for the other
three pairs, as listed in Table 5.
The difference in the reaction efficiency for the
positional isomers can affect the accuracy and precision
of the multicomponent quantification method. For a
particular amount of TMB, the population of 1-phos-
phate isomer will react at a faster rate than that of the
6-phosphate isomer, producing a product distribution
more similar to that of the 1-phosphate isomer than
what should be observed for the actual ratio of isomers.
Consequently, the multicomponent quantification
method might result in an overestimation of the amount
of the 1-phosphate isomer in the mixture. This bias
Table 4. Quantification result for different concentrations
Sample
Concentration
(M)
Percent of total
ion current
m/z
299
m/z
331
Calculated
% of Man6P
Pure Man1P 1 28.78 62.91
5 28.92 62.73
10 28.93 62.93
20 28.75 62.99
S.D. 0.14 0.17
10:90 mixture
of Man6P:
Man1P
1
5
10
20
50
S.D.
av.diff
31.70
31.87
31.49
31.79
31.37
0.21
58.35
58.52
59.07
58.44
57.61
0.52
10.7
10.9
9.5
10.8
10.9
0.6
0.2
Figure 4. Kinetic plots of ion/molecule reaction between Glc1P (a) and Glc6P (b) with TMB (filled
diamond) m/z 259; (filled square) m/z 299; (filled triangle) m/z 331. The ordinates are natural logarithm
of ion abundance normalized to the total ion current. Unit of kexp is 10
10 cm3/molecule/s.
Table 5. Reaction efficiency with trimethyl boratea
Reactant kexp kcoll
b Efficiency
Glc1P 4.57 8.49 0.54
Glc6P 3.08 8.49 0.36
Man1P 5.88 8.49 0.69
Man6P 3.27 8.49 0.39
Gal1P 2.47 8.49 0.29
Gal6P 1.92 8.49 0.23
GlcNAc1P 3.08 8.32 0.37
GlcNAc6P 1.76 8.32 0.21
aRate constants in units of 1010 cm3/molecule/sec.
bCollision rates were calculated using ADO theory
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towards the more reactive isomer is most prevalent
when small amounts of TMB are introduced and only a
small fraction of the reactant ion (m/z 259) is converted
to products. To test the influence of this bias on the
quantification method, a series of mass spectra were
measured following pulses of TMB that resulted in less
than fifty percent conversion of the reactant ion. The
calculated percentages were within experimental error
(data not shown), suggesting that the quantification of
the binary mixture is unaffected by the difference in
reaction efficiency under the experimental conditions as
outlined herein. Even for reactions involving the iso-
meric pair with the greatest disparity in reaction effi-
ciency (Man1P/Man6P), the measured error in the
quantification was still less than two percent (data not
shown). Despite the relative insensitivity of the method
towards differences in reaction efficiency of the iso-
mers, the potential errors in quantification can be min-
imized by operating under conditions where most of
the reactant ions are converted to products.
While the quantification method is robust over rela-
tively long periods of time, it is recommended that the
two pure standards and a 1:1 mixture are run each day
of analysis to generate new coefficients for the system of
eqs used for quantification. Our experiments demon-
strate that accurate determination of the mixture com-
position (less than 2%, data not shown) could be ob-
tained using different constants and different
normalization factors as long as the same conditions
used for standards are applied to the samples. There-
fore, for quantification of any unknown mixtures, only
three additional samples beside the unknown need to
be run.
Conclusions
Through the use of gas-phase ion/molecule reactions
and multicomponent quantification method, quantifica-
tion for positional isomeric mixtures of phosphorylated
monosaccharides has been demonstrated using an FT-
ICR mass spectrometer. After reaction with trimethyl
borate (TMB), different product distributions are ob-
served in the resulting mass spectra for isomers with
different phosphate position. The percents of total ion
current of the diagnostic ions were utilized in the
multicomponent quantification method to determine
the percentage of each isomer in the mixture. The
difference between the calculated compositions and the
actual values is less than 2%, and this quantification
method is demonstrated to be applicable to mixtures
with different total concentrations. This is a rapid
method in which the isomeric percentage from 5 to 95%
can be accurately determined. In addition, the gas-
phase reaction obviates the need for solution-phase
derivatization, which can result in sample loss, a major
problem for the analysis of compounds isolated in
limited quantities from biological systems. Possible
applications of this assay include percentage determi-
nation of the above isomers in biological samples and
enzyme kinetic measurements for phosphate mutases,
such as phosphoglucose mutase, phosphomanno-
mutase, and phosphoacetyglucosamine mutase.
References
1. Marquardt, T.; Freeze, H. Congenital Disorders of Glycosyla-
tion: Glycosylation Defects in Man and Biological Models for
Their Study. Biol. Chem. 2001, 382, 161–177.
2. Saier, M. H., Jr.; Chauvaux, S.; Cook, G. M.; Deutscher, J.;
Paulsen, I. T.; Reizer, J.; Ye, J. J. Catabolite Repression and
Inducer Control in Gram-Positive Bacteria. Microbiol. 1996,
142, 217–230.
3. Romano, A. H.; Conway, T. Evolution of Carbohydrate Met-
abolic Pathways. Res. Microbiol. 1996, 147, 448–455.
4. Kotrba, P.; Inui, M.; Yukawa, H. Bacterial Phosphotransferase
System (PTS) in Carbohydrate Uptake and Control of Carbon
Metabolism. J. Biosci. Bioeng. 2001, 92, 502–517.
5. Yarema, K. J.; Bertozzi, C. R. Characterizing Glycosylation
Pathways. Genome Biol. 2001, 2, 1–10.
6. Kvam, C.; Olsvik, E. S.; McKinley-McKee, J.; Saether, O.
Studies on Recombinant Acetobacter xylinum -Phosphoglu-
comutase. Biochem. J 1997, 326(Pt 1), 197–203.
7. Murata, T. Studies on Konjak Mannan Biosynthesis. 3. Studies
on Phosphomannose Isomerase of Amorphophallus-Konjac C
Koch. 1. Isolation and Some Enzymic Properties. Plant Cell
Physiol. 1975, 16, 953–961.
8. Ye, R. W.; Zielinski, N. A.; Chakrabarty, A. M. Purification and
Characterization of Phosphomannomutase/Phosphoglu-
comutase from Pseudomonas aeruginosa Involved in Biosynthe-
sis of Both Alginate and Lipopolysaccharide. J. Bacteriol. 1994,
176, 4851–4857.
9. Cheng, P. W.; Carlson, D. M. Mechanism of Phosphoacetyl-
glucosamine Mutase. J. Biol. Chem. 1979, 254, 8353–8357.
10. Li, Y. J.; Ogata, Y.; Freeze, H. H.; Scott, C. R.; Turecek, F. E.;
Gelb, M. H. Affinity Capture and Elution/Electrospray Ion-
ization Mass Spectrometry Assay of Phosphomannomutase
and Phosphomannose Isomerase for the Multiplex Analysis of
Congenital Disorders of Glycosylation Types Ia and Ib. Anal.
Chem. 2003, 75, 42–48.
11. Brunt, K.; Hokse, H. Liquid-Chromatographic Analysis of
-D-Glucose-1-Phosphate—Determination of the Activity of
Phosphorylase. J. Chromatogr. 1983, 268, 131–137.
12. Zhou, Q.; Kyazike, J.; Edmunds, T.; Higgins, E. Mannose
6-Phosphate Quantitation in Glycoproteins Using high-pH
Anion-Exchange Chromatography with Pulsed Amperometric
Detection. Anal. Biochem. 2002, 306, 163–170.
13. Feurle, J.; Jomaa, H.; Wilhelm, M.; Gutsche, B.; Herderich, M.
Analysis of Phosphorylated Carbohydrates by High-Perfor-
mance Liquid Chromatography Electrospray Ionization Tan-
dem Mass Spectrometry Utilizing a -Cyclodextrin Bonded
Stationary Phase. J. Chromatogr. A 1998, 803, 111–119.
14. Leavell, M. D.; Kruppa, G. H.; Leary, J. A. Analysis of
Phosphate Position in Hexose Monosaccharides Using Ion/
Molecule Reactions and SORI-CID on an FT-ICR Mass Spec-
trometer. Anal. Chem. 2002, 74, 2608–2611.
15. Leavell, M. D.; Kruppa, G. H.; Leary, J. A. Probing Isomeric
Differences of Phosphorylated Carbohydrates Through the
Use of Ion/Molecule Reactions and FT-ICR. J. Am. Soc. Mass
Spectrom. 2003, 14, 323–331.
16. Tao, W. A.; Gozzo, F. C.; Cooks, R. G. Mass Spectrometric
Quantitation of Chiral Drugs by the Kinetic Method. Anal.
Chem. 2001, 73, 1692–1698.
17. Augusti, D. V.; Carazza, F.; Augusti, R.; Tao, W. A.; Cooks,
R. G. Quantitative Chiral Analysis of Sugars by Electrospray
Ionization Tandem Mass Spectrometry Using Modified
923J Am Soc Mass Spectrom 2003, 14, 916–924 INVESTIGATION OF ION/MOLECULE REACTIONS
Amino Acids as Chiral Reference Compounds. Anal. Chem.
2002, 74, 3458–3462.
18. Chu, I. H.; Dearden, D. V.; Bradshaw, J. S.; Huszthy, P.; Izatt,
R. M. Chiral Host–Guest Recognition in an Ion/Molecule
Reaction. J. Am. Chem. Soc 1993, 115, 4318–4320.
19. Ramirez, J.; He, F.; Lebrilla, C. B. Gas-Phase Chiral Differen-
tiation of Amino Acid Guests in Cyclodextrin Hosts. J. Am.
Chem. Soc. 1998, 120, 7387–7388.
20. Nikolaev, E. N.; Goginashvili, G. T.; Talrose, V. L.; Kosty-
anovsky, R. G. Investigation of Asymmetric Gas-Phase Ion/
Molecule Reactions by FT-ICR Spectrometry. Int. J. Mass
Spectrom. Ion Processes. 1988, 86, 249–252.
21. Nikolaev, E. N.; Denisov, E. V.; Rakov, V. S.; Futrell, J. H.
Investigation of Dialkyl Tartrate Molecular Recognition in
Cluster Ions by Fourier Transform Mass Spectrometry: A
Comparison of Chirality Effects in Gas and Liquid Phases. Int.
J. Mass Spectrom. 1999, 183, 357–368.
22. Camara, E.; Green, M. K.; Penn, S. G.; Lebrilla, C. B. Chiral
Recognition is Observed in the Deprotonation Reaction of
Cytochrome c by (2R)- and (2S)-2-Butylamine. J. Am. Chem. Soc
1996, 118, 8751–8752.
23. Dearden, D. V.; Dejsupa, C.; Liang, Y. J.; Bradshaw, J. S.; Izatt,
R. M. Intrinsic Contributions to Chiral Recognition: Discrimi-
nation Between Enantiomeric Amines by Dimethyldiketopyr-
idino-18-Crown-6 in the Gas Phase. J. Am. Chem. Soc 1997, 119,
353–359.
24. Liang, Y. J.; Bradshaw, J. S.; Izatt, R. M.; Pope, R. M.; Dearden,
D. V. Analysis of Enantiomeric Excess Using Mass Spectro-
metry: Fast Atom Bombardment/Sector and Electrospray Ion-
ization Fourier Transform Mass Spectrometric Approaches.
Int. J. Mass Spectrom. 1999, 187, 977–988.
25. Grigorean, G.; Ramirez, J.; Ahn, S. H.; Lebrilla, C. B. A Mass
Spectrometry Method for the Determination of Enantiomeric
Excess in Mixtures of D,L-Amino Acids. Anal. Chem. 2000, 72,
4275–4281.
26. Leeck, D. T.; Ranatunga, T. D.; Smith, R. L.; Partanen, T.;
Vainiotalo, P.; Kentta¨maa, H. I. Differentiation of Stereoiso-
meric Diols by Using Ch3ob  Och3 in a Small Fourier-
Transform Ion-Cyclotron Resonance Mass-Spectrometer. Int. J.
Mass Spectrom. Ion Processes. 1995, 141, 229–240.
27. Thoen, K. K.; Gao, L.; Ranatunga, T. D.; Vainiotalo, P.;
Kentta¨maa, H. I. Stereoselective Chemical Ionization Mass
Spectrometry: Reactions of CH3OPOCH3 with Cyclic Vici-
nal Diols. J. Org. Chem. 1997, 62, 8702–8707.
28. Thompson, R. S.; Guler, L. P.; Nelson, E. D.; Yu, Y. Q.;
Kentta¨maa, H. I. Mechanistic Study of Stereoselective Gas-
Phase Reactions of Phosphenium Ions with Cis- and Trans-
1,2-Diaminocyclohexanes. J. Org. Chem. 2002, 67, 5076–5084.
29. Desaire, H.; Leary, J. A. Multicomponent Quantification of
Diastereomeric Hexosamine Monosaccharides Using Ion Trap
Tandem Mass Spectrometry. Anal. Chem. 1999, 71, 4142–4147.
30. Desaire, H.; Leary, J. A. Utilization of MS3 Spectra for the
Multicomponent Quantification of Diastereomeric N-Acetyl-
hexosamines. J. Am. Soc. Mass Spectrom. 2000, 11, 1086–1094.
31. Desaire, H.; Leary, J. A. Detection and Quantification of the
Sulfated Disaccharides in Chondroitin Sulfate by Electrospray
Tandem Mass Spectrometry. J. Am. Soc. Mass Spectrom. 2000,
11, 916–920.
32. de Koning, L. J.; Nibbering, N. M. M.; van Orden, S. L.;
Laukien, F. H. Mass Selection of Ions in a Fourier Transform
Ion Cyclotron Resonance Trap Using Correlated Harmonic
Excitation Fields (CHEF). Int. J. Mass Spectrom. 1997, 165,
209–219.
33. Su, T.; Chesnavich, W. J. Parametrization of the Ion–Polar
Molecule Collision Rate-Constant by Trajectory Calculations.
J. Chem. Phys. 1982, 76, 5183–5185.
34. Gronert, S.; O’Hair, R. A. J. Gas Phase Reactions of Trimethyl
Borate with Phosphates and Their Non-Covalent Complexes.
J. Am. Soc. Mass Spectrom. 2002, 13, 1088–1098.
35. Leavell, M. D.; Kruppa, G. H.; Leary, J. A. Determination of
Phosphate Position in Hexose Monosaccharides Using an
FTICR Mass Spectrometer: Ion/Molecule Reactions, Labeling
Studies, and Dissociation Mechanisms. Int. J. Mass Spectrom.
2003, 222, 135–153.
924 GAO ET AL. J Am Soc Mass Spectrom 2003, 14, 916–924
